The outer capsid spike protein VP4 is the main rotavirus cell attachment protein, but the cellular receptor used by rotavirus to establish a productive infection remains unknown. Sialic acid (SA) residues on the cell surface have been shown to be required for efficient binding and infectivity of animal rotaviruses (ARVs), but not of human rotaviruses (HRVs). Since the SA dependence of only a limited number of strains has been tested to date, in this study a larger number of strains were tested to further investigate the involvement of SA in rotavirus infectivity. Following treatment of African green monkey kidney cell (MA104) monolayers with neuraminidase, productive infection of rotavirus was measured by immunofluorescence. The infectivity of all 14 HRVs tested was SA-independent. Ten of 15 ARVs tested were SA-independent, while only five were SA-dependent. These results indicate that most ARVs, like HRVs, infect permissive cells in an SA-independent manner, probably by a common cellular receptor.
The outer capsid spike protein VP4 is the main rotavirus cell attachment protein, but the cellular receptor used by rotavirus to establish a productive infection remains unknown. Sialic acid (SA) residues on the cell surface have been shown to be required for efficient binding and infectivity of animal rotaviruses (ARVs), but not of human rotaviruses (HRVs). Since the SA dependence of only a limited number of strains has been tested to date, in this study a larger number of strains were tested to further investigate the involvement of SA in rotavirus infectivity. Following treatment of African green monkey kidney cell (MA104) monolayers with neuraminidase, productive infection of rotavirus was measured by immunofluorescence. The infectivity of all 14 HRVs tested was SA-independent. Ten of 15 ARVs tested were SA-independent, while only five were SA-dependent. These results indicate that most ARVs, like HRVs, infect permissive cells in an SA-independent manner, probably by a common cellular receptor.
Group A rotaviruses are important virus agents of acute gastroenteritis in young children and many animal species (Estes, 1996) . Two surface proteins present on the outer capsid of rotaviruses, VP4 and VP7, associated with P and G serotype specificity, respectively, have been shown to independently elicit neutralizing antibodies and induce protective immunity (Estes, 1996) . Rotavirus infectivity is enhanced by proteolytic cleavage of the spike protein VP4 (encoded by gene 4) into VP8* and VP5* (Espejo et al., 1981 ; Estes et al., 1981) and is involved in the early interaction of the virus with the cell (Crawford et al., 1994 ; Ludert et al., 1996 ; Arias et al., 1996 ; Coulson et al., 1997) . Other important biological functions of VP4 include the ability to agglutinate erythrocytes (haemagglutination) -mapped to a region in VP8* (Kalica et al., 1983 ; Fiore et al., 1991) , restricted growth in cell culture Author for correspondence : Mary Estes.
Fax j1 713 798 3586. e-mail mestes!bcm.tmc.edu (Greenberg et al., 1983) , protease sensitivity associated with plaque formation (Burke et al., 1994) and virulence (Offit et al., 1986 ; Tauscher & Desselberger, 1997 ; Bridger et al., 1998) . Glycoprotein VP7 may be involved in the initial attachment of rotavirus to cells (Bastardo et al., 1980 ; Sabara et al., 1985) and possibly internalization (Coulson et al., 1997) .
While the rotavirus cellular receptor has not been identified, it has become a well accepted fact that although animal rotaviruses (ARVs) require the presence of sialic acid (SA) residues on the cell surface for efficient binding and infectivity, human rotaviruses (HRVs) do not. However, only a limited number of both human and animal strains have been tested. HRVs reported to be SA-independent include only five strains : (Fukudome et al., 1989 ; Ludert et al., 1998) . Among ARVs, only four strains are reported to be SA-dependent, including simian SA11 (P[2], G3) and RRV (P5B[3], G3) ; bovine NCDV (P6[1], G6) ; and porcine OSU (P9 [7] , G5) (Yolken et al., 1987 ; Keljo & Smith, 1988 ; Fukudome et al., 1989 ; Superti & Donelli, 1991 ; Me! ndez et al., 1993 ; Rolsma et al., 1994 ; Liprandi et al., 1997) . Recently, Ludert et al. (1996) reported that the infectivity of murine rotavirus strains EW (P[16] , G3) and EHP (P[20] , G3) remained unaffected following treatment of cells with neuraminidase. Currently, EW and EHP are the only ARV strains reported in the literature to be SA-independent. Me! ndez et al. (1993) isolated RRV variants that are no longer SA-dependent, suggesting that the initial interaction of an ARV strain is not completely restricted to SA residues. To further investigate the involvement of SA on the cell surface, we have now tested a greater number of human and animal rotavirus strains. Our results confirm that HRVs do not require the presence of SA on the cell surface and show that the majority of ARVs tested are also SA-independent.
The species of origin, P and G serotypes, and sources of rotavirus strains used in this study are summarized in Table 1 . In addition, since a region in VP8* has been shown to be involved in binding to SA (Zhou et al., 1994 ; Is) a et al., 1997) , we also tested four VP4-neutralization-resistant variants of SA11 selected with VP8*-specific neutralizing monoclonal antibodies 9F6, 7G6, 10G6 or 954\23 (9F6R, 7G6R, 10G6R and 954\23R, respectively) (Zhou et al., 1994) to determine if these mutants were no longer SA-dependent. All virus strains were cultivated in African green monkey kidney cells (MA104) in the presence of trypsin as described previously (Ciarlet et al., 1994) . SA dependence or independence of infectivity of all virus strains and the four neutralization-resistant variants of SA11 was measured in confluent MA104 cells grown in 96-well plates as described previously (Me! ndez et al., 1993) . Briefly, MA104 cells were treated for 1 h at 37 mC with 100 µl of twofold dilutions of neuraminidase from Arthrobacter ureafaciens purified by affinity chromatography (Sigma), starting from 20 mU\ml, or with 100 µl TNC buffer (10 mM Tris pH 7n5, 140 mM NaCl, 10 mM CaCl # ) as control. Following treatment with neuraminidase, cells were washed with TNC buffer prior to inoculation with a single dilution (depending on rotavirus strain) of 200-500 focus-forming units. After allowing virus adsorption for 2 h at 37 mC, the inoculum was removed and cells were washed with 199 medium. Cells were incubated for 16-18 h at 37 mC with 199 medium, washed with PBS, fixed with cold methanol, and stained by use of the fluorescent focus assay as described previously (Ciarlet et al., 1994) . Infectivity assays were performed at least three times with each virus strain. Virus infectivity was expressed as the percentage of focus-forming units in neuraminidase-treated cells with respect Sialic acid in rotavirus cell adsorption Sialic acid in rotavirus cell adsorption to those obtained in control (TNC buffer-treated) cells. If infected cells were fixed and stained immediately after the adsorption period, no fluorescent foci were observed.
As shown previously by others (Fukudome et al., 1989 ; Ludert et al., 1998) , both the adsorption and the infectivity of HRV strains Wa, DS-1 and ST3 were unaffected by neuraminidase treatment of MA104 cells (Fig. 1 A) . Testing of 11 additional HRV strains (K8, S2, Ito, YO, Nemoto, VA70, Hochi, PA169, HAL1166, 69M and WI61) of different P and G serotypes also showed that neither the adsorption nor the infectivity was affected by neuraminidase treatment (Fig. 1 B,  C) . These results increase the number of HRVs that are SAindependent to 16 (the others include the Japanese HRV strains MO and KUN ; Fukudome et al., 1989) . Thus, it can safely be stated that most likely all HRVs are SA-independent.
In agreement with previous studies (Yolken et al., 1987 ; Fukudome et al., 1989 ; Me! ndez et al., 1993 ; Rolsma et al., 1994 ; Liprandi et al., 1997) , we confirmed that both the adsorption and the infectivity of simian SA11 and RRV, bovine NCDV and porcine OSU rotavirus strains are reduced dramatically by treatment of MA104 cells with neuraminidase ( Fig. 2 A, i) . The same result was obtained when the equine rotavirus strain H-1 was tested (Fig. 2 A, ii) . By contrast, the adsorption and infectivity of additional bovine (B223), porcine (Gottfried) and equine (H-2 and FI23) rotavirus strains were unaffected by the neuraminidase treatment of MA104 cells (Fig. 2 A, ii) . Resistance of rotavirus adsorption and infection following neuraminidase treatment of MA104 cells was also observed with one murine (EC), four lapine (ALA, C-11, BAP-2, R-2) and one avian (Ty-1 ; turkey) rotavirus strains (Fig. 2 A, iii) . When the cells were treated with neuraminidase, the infectivity of murine strain EC was reduced in comparison to the other ARV strains, but the reduced infectivity was not dependent on the neuraminidase concentration. This reduction of infectivity suggests that SA could still be involved in the initial stage of the infectivity process of the murine EC strain. It is not known whether the same effect was observed with the other SAindependent murine strains tested (Ludert et al., 1996) . Including the murine strains EW and EHP reported by Ludert et al. (1996) , only five out of 17 ARV strains require the presence of SA residues on the cell surface for efficient infectivity. Therefore, our results clearly indicate that most ARVs, like HRVs, are SA-independent, not SA-dependent as previously accepted in the literature.
Recently, Me! ndez et al. (1993) isolated RRV (P5B[3], G3) variants from a stock of the reassortant virus RRViDS-1 (P1B[4], G2) that no longer required the presence of SA residues on the cell surface for efficient infectivity, but that retained their ability to agglutinate erythrocytes, indicating that the variants were still capable of interacting with sialyated proteins. The loss of the SA requirement for efficient infectivity of these RRV variants segregated with VP4 (Me! ndez et al., 1993) and sequencing data of the VP4 genes of these variants revealed that three amino acids (aa), 37, 187 and 267, were involved, although probably only aa 187 played a prominent role based on sequence analysis of revertants (Me! ndez et al., 1996) . Loss of haemagglutination activity of one VP4-neutralization-resistant variant (23R) implicated aa 194 in SA binding (Zhou et al., 1994) . Also, the nucleotide sequencing of the VP4 genes of an SA-independent variant of RRViDS-1 and a VP4-neutralization-resistant variant of RRV (Mackow et al., 1988) that no longer require SA on the cell surface for efficient infectivity, identified VP4 aa 150 and 187, respectively, as playing a role in early cell-rotavirus interaction (Ludert et al., 1996) . Furthermore, the SA-binding domain of the VP4 protein from RRV was mapped between aa 93 and 208 of the VP8* cleavage product (Fuentes-Panana! et al., 1995 ; Is) a et al., 1997) .
To further analyse the role of SA residues on the cell surface in rotavirus entry into cells, the infectivity of four VP4-neutralization-resistant variants of SA11 generated previously (Zhou et al., 1994) was tested in neuraminidase-treated MA104 cells. Sequence analysis of the VP4 escape mutants revealed M. Ciarlet and M. K. Estes M. Ciarlet and M. K. Estes that all four mutants had single amino acid changes in VP4 (aa 136, 9F6R ; aa 180, 7G6R ; aa 183, 10G6R ; and aa 194, 954\23R ; Zhou et al., 1994) . The infectivity of escape mutants 7G6R, 10G6R and 954\23R, but not 9F6R, was found to no longer be dependent on the presence of SA on the cell surface ( Fig. 2 A, iv) . These results suggest that (i) residue 136 on VP4 is not involved in the loss of SA-dependent infectivity, since the sensitivity of adsorption and efficient infectivity of the SA11 variant 9F6R was not affected by neuraminidase treatment of MA104 cells ; (ii) SA could still be involved in the initial stage of the infectivity process of the SA11 variant 10G6R, as the infectivity of this mutant was reduced in a manner resembling that of the murine EC rotavirus strain ; and (iii) since escape mutant 23R also failed to haemagglutinate red blood cells (Zhou et al., 1994) , 23R may truly bind to MA104 in an SA-independent manner and may be a powerful tool to identify the SA-independent cellular receptor on cells susceptible to rotavirus infection. To rule out the fact that the preparation of neuraminidase used may have had other enzymatic activities that, in addition to digesting the SA residues on the cell surface, could have digested a receptor molecule, 2-deoxy-2,3-didehydro--N-acetylneuraminic acid (Neu5Ac2en ; Sigma), a bacterial and viral neuraminidase inhibitor, was used to specifically inhibit the neuraminidase enzymatic activity as described previously (Blick et al., 1995) . Briefly, 100 µl of the appropriate neuraminidase dilutions were incubated for 1 h at room temperature with 100 µl of 10-fold dilutions (100-0n01 µg\ml) of Neu5Ac2en. Then, the MA104 cell monolayers were treated with the neuraminidase inhibitor mixture or with neuraminidase prior to adsorption with the SA-dependent escape mutant 9F6R or the SA-dependent ARV strains OSU, RRV, SA11, NCDV or H-1 as described above. Incubation of the neuraminidase with Neu5Ac2en resulted in loss of the inhibition of infectivity in a dose-dependent manner of all SAdependent rotavirus strains tested (Fig. 2 B and data not  shown) . These results indicate that treatment of MA104 cells prior to infection with neuraminidase measures the effects of the removal of SA residues on the cell surface rather than removal of some other activity.
Our study represents a more thorough analysis of the requirement of SA on the cell surface for rotavirus infectivity and results in a need to change the common belief that most ARVs infect cells in an SA-dependent manner, since most of the ARV strains tested were SA-independent, like all HRV strains. We were able to expand the analyses performed on both HRV and ARV strains, from five to 16 HRVs and from four to 17 ARVs. Our findings seem to corroborate those reported recently by Me! ndez et al. (1998) , who have suggested that following an initial interaction (whether SA-dependent or SA-independent) with the cell, rotaviruses may use a common cellular molecule for virus entry.
Further testing of additional ARV strains must be performed to identify any other animal strains whose efficient infectivity is dependent on the presence of SA on the cell surface. Coincidentally, the P serotype of the SA-independent ARV strains has also been found in rotaviruses from humans (with the exception of the murine and avian strains ; the equine serotype P11 has been found to be related to the human serotype P4). This finding suggests that (i) the SA-dependency seems to be associated with P type, rather than with species of origin, since rotavirus strains isolated from cows, pigs and horses can infect cells in an SA-dependent or SA-independent manner, and (ii) there is a possible role of an SA-independent VP4 in interspecies (animal to human) transmission. Although SA-independent entry of rotavirus is more likely to be VP4-mediated than VP7-mediated, the SA-independent binding may be determined by altered VP4-VP7 interactions (Me! ndez et al., 1996) . Nevertheless, it can be predicted that the numerous porcine rotavirus strains isolated in Venezuela, Australia and the USA whose P genotype\serotype is OSU-like (P9 [7] ) will require the presence of SA residues on the cell surface for efficient infectivity.
